(1 À x) (Bi 1/2 Na 1/2 )TiO 3 -xBiFeO 3 (x 5 0-0.9) ceramics were prepared and the ferroelectric and piezoelectric properties along with the crystal structure were investigated. The crystal system of the ceramics was rhombohedral with the R3c symmetry throughout the compositions. The rhombohedral distortion (90°À a), where a was the rhombohedral angle based on a pseudocubic perovskite cell, was minimized at x 5 0.1, while the lattice constant increased linearly with x. Saturated ferroelectric polarization-electric field hysteresis loops were observed at x 5 0-0.6. The coercive field was reduced at x 5 0.05-0.2 and the high remanent polarization of 30-35 lC/cm 2 was obtained at x 5 0-0.4. The piezoelectric constants d 33 and d 33 * (which was calculated from a unipolar strain-electric field curve) were maximized to 93 pC/N at x 5 0.1 and 183 pm/V at x 5 0.05, respectively. These results suggested that the increase in the piezoelectric properties was associated with the reduction in the rhombohedral distortion, which could be useful in development of high performance lead-free piezoelectric materials.
I. INTRODUCTION
Piezoelectric materials have been used for many applications such as sensors and actuators, 1 and recently studied for vibration energy harvesters. 2, 3 For most of these applications, the piezoelectric material used is lead zirconate titanate because of the large piezoelectric properties and high Curie temperature. 4 However, lead is a toxic element and therefore leadfree piezoelectric materials have been studied. 5, 6 So far, the most promising lead-free piezoelectric materials are (K, Na)NbO 3 and (Bi, Na)TiO 3 -BaTiO 3 , and proto-type devices and actual products were developed using them. [7] [8] [9] [10] [11] [12] However, because of lower piezoelectric properties of both materials than those of lead zirconate titanate, other lead-free piezoelectric materials with superior properties are desired.
Bismuth ferrite, BiFeO 3 , is piezoelectric, rhombohedral perovskite oxide with the high Curie temperature of ;825°C. 13 Because the synthesis of second-phase-free BiFeO 3 was difficult and also because a ceramic sample was so leaky and the coercive field was so large that a measurement of a well-saturated ferroelectric loop was difficult, BiFeO 3 ceramics were less studied until a large remanent polarization of ;60 lC/cm 2 was reported for a BiFeO 3 epitaxial film and a single crystal. 14, 15 Intensive studies suggested that the leaky response was associated with the formation of Bi 25 21 In the form of bulk, increased piezoelectric responses were reported for solid-solutions with titanates such as tetragonal BaTiO 3 (Refs. [25] [26] [27] and (Bi 1/2 K 1/2 )TiO 3 .
28-30
For both solid-solution ceramics, the crystal system changed from rhombohedral to pseudocubic to tetragonal phases with increasing tetragonal end-member content, and the piezoelectric response was increased with keeping high Curie temperature at the composition that the crystal system changed from rhombohedral to pseudocubic phases: that is, the piezoelectric constant d 33 of 116 pC/N and the Curie temperature of 619°C for Mn-doped 0.75BaTiO 3 -0.25BiFeO 3 ceramics 26 and d 33 of ;130 pC/N and the Curie temperature of 450°C for 0.6(Bi 0.5 K 0.5 ) TiO 3 -0.4BiFeO 3 ceramics. 28, 30 Another method to increase the piezoelectric properties is to alter lattice distortion. An example is the solid-solution of BaTiO 3 and (Bi 1/2 K 1/2 )TiO 3 . The crystal system is tetragonal throughout composition, but the piezoelectric properties can be increased with decreasing tetragonal distortion (c/a) at compositions between 0.8BaTiO 3 -0.2(Bi 1/2 K 1/2 )TiO 3 and 0.4BaTiO 3 -0.6(Bi 1/2 K 1/2 )TiO 3 . 31 The solid-solution of BiFeO 3 with rhombohedral (Bi 1/2 Na 1/2 ) TiO 3 , [(1Àx) (Bi 1/2 Na 1/2 )TiO 3 -xBiFeO 3 ] is this type. The crystal system of the solid-solution is rhombohedral throughout composition and does not experience a compositional phase transformation at room temperature. 32, 33 However, the crystal structure does change with composition; the rhombohedral distortion (90°À a) (a is measured based on a pseudocubic perovskite unit cell) is minimized at x 5 0.2, while the lattice constant, a, is linearly increased with BiFeO 3 content. 32 Therefore, it is interesting to study how the dielectric, ferroelectric, and piezoelectric properties change with the crystal structure. However, reports on ferroelectric and piezoelectric properties for the system were limited, [33] [34] [35] [36] and a systematic study on electric properties was not reported.
In this study, (1 À x) (Bi 1/2 Na 1/2 )TiO 3 -xBiFeO 3 (x 5 0-0.9) ceramics were prepared with solid-state synthesis, and the dielectric, ferroelectric, and piezoelectric properties along with the crystal structure and microstructure were investigated.
II. EXPERIMENTAL PROCEDURES
(1 À x) (Bi 1/2 Na 1/2 )TiO 3 -xBiFeO 3 ceramics were prepared by solid-state synthesis. Raw powders of Bi 2 O 3 (99.99%; Kojundo Chemical Lab. Co., Ltd., Saitama, Japan), Na 2 CO 3 (99.99%; Rare Metallic Co. Ltd., Tokyo, Japan), TiO 2 (99.9%, Kojundo Chemical Lab. Co., Ltd.), and a-Fe 2 O 3 (99.9%, Kojundo Chemical Lab. Co., Ltd.) were batched according to the chemical formula with a total amount of 20 g, and they were initially mixed at 500 rpm for 20 min using a planetary ball mill (classic line P-7, Fritsch) with ethanol (20 mL) and stabilized zirconia balls with the diameter of 3 mm (40 g). After drying at 120°C, the powders were calcined at 750°C for 4 h in a closed alumina crucible in air. Crystal structure of the calcined powder was checked by x-ray diffraction (XRD, RINT 2500; Rigaku Corporation, Tokyo, Japan) with Cu K a radiation. The calcined powder was milled again using the planetary ball mill with the same condition. After drying, the powder was mixed with 5 wt% polyvinyl alcohol binder and sieved through a mesh with 0.8 mm openings. Disc compacts (the diameter of 1 cm) pressed uniaxially at 200 MPa were initially heated at 700°C for 2 h to remove the binder and then sintered at 980-1100°C for 2 h in air.
Density was measured by an Archimedes method. Crystal structure was determined by XRD for powders crushed from sintered ceramics. Several diffraction peaks were used to determine lattice parameters by a least-square method. Lattice parameters were initially calculated on a hexagonal unit cell and then they were converted to those calculated on a pseudocubic cell (rhombohedral angle was nearly 90°) with using equations shown in literature. 37, 38 The diffraction patterns were corrected by an external Si standard. For microstructural observation, a surface of the sintered ceramics was mirror-polished and then the polished ceramics were thermally etched at temperatures lower than the sintering temperatures by 100°C for 15 min in air. The surface was observed by scanning electron microscopy (SEM, VE-9800; Keyence Corporation, Osaka, Japan). Grain size and the error bar were determined to be the average and the standard deviation of the diameters of 60-80 grains observed on an SEM image. The ceramics were . The dielectric properties were determined from impedance measured at 1, 10, and 100 kHz using an impedance analyzer (4194A; Hewlett-Packard, Palo Alto, California) at temperatures from room temperature to 500°C (on heating). Polarization-electric field (P-E) loops were measured at 0.1, 1, and 100 Hz and strainelectric field (S-E) curves were measured at 0.1 Hz using a ferroelectric tester (TF analyzer 2000; aixACCT Systems GmbH, Aachen, Germany) and a polarization and strain measuring system (Model JP005-SE; Lead Techno, Shiga, Japan) with a displacement meter (Millitron 1240; Mahr, Esslingen, Germany). The ceramic samples were poled at room temperature at 50-65 kV/cm for 5 min, and the piezoelectric constant d 33 was measured by a d 33 meter (Model ZJ-6B; Chinese Academy of Science, Beijing, China).
III. RESULTS AND DISCUSSION
A. Microstructure and crystal structure
The microstructures of the (1 À x) (Bi 1/2 Na 1/2 ) TiO 3 -xBiFeO 3 ceramics were observed by SEM. As examples, the SEM images of the (1 À x) (Bi 1/2 Na 1/2 ) TiO 3 -xBiFeO 3 ceramics with x 5 0, 0.2, 0.5, and 0.9 are shown in Fig. 1 . Dense microstructures were observed. The relative density of all the ceramics prepared was 95-99%, as listed in Table I . Grain sizes were 2-3 lm at x 5 0-0.3 and about 1 lm at x 5 0.4-0.9 (which are also listed in Table I ). The larger grain sizes for the (Bi 1/2 Na 1/2 )TiO 3 -rich compositions were mainly 40 respectively. XRD patterns of the powders crushed from the sintered ceramics of (1 À x) (Bi 1/2 Na 1/2 )TiO 3 -xBiFeO 3 (x 5 0-0.9) are shown in Fig. 2 . Only diffraction peaks of a perovskite phase were observed for the ceramics. The 113 diffraction peak (the diffraction peaks were indexed on the basis of the hexagonal symmetry) was observed for the perovskite phase, which meant that the samples could be assigned to the rhombohedral R3c symmetry. The diffraction peaks were shifted to lower angle sides with x. Figure 3 shows the lattice constant and rhombohedral angle based on a pseudocubic cell for the (1 À x) (Bi 1/2 Na 1/2 )TiO 3 -xBiFeO 3 ceramics. The lattice constant increased linearly with x, while the rhombohedral angle showed a nonlinear behavior; it was maximized and approached to 90°at x 5 0.1. Similar results were reported in literature, 32, 33 except that the rhombohedral angles observed in this study at 
B. Electric properties
The dielectric constant and loss measured at 1 kHz and room temperature for the (1 À x) (Bi 1/2 Na 1/2 )TiO 3 -xBiFeO 3 (x 5 0-0.9) ceramics are shown in Fig. 4 . At x 5 0, the dielectric constant was about 580. It increased to 600-660 at x 5 0.05-0.2, and then decreased with x. It was speculated that the dielectric constant was increased because the samples became ferroelectrically soft owing to the reduction in the rhombohedral distortion (90°À a). On the other hand, the decrease in the dielectric constant at x 5 0.3-0.9 was attributed to the increase in the temperature of the dielectric maximum, T m , with x, as shown in the next paragraph. The dielectric loss was lower than 0.1 at x 5 0-0.7. At x 5 0.8 and 0.9, it increased to about 0.2, which might be attributed to electric conduction. Figure 5 shows the temperature dependence of the dielectric constant and loss of the (1 À x) (Bi 1/2 Na 1/2 ) TiO 3 -xBiFeO 3 ceramics (x 5 0-0.5). At x 5 0, two anomalies were observed for the dielectric constant profile: that is, a hump around 200°C at which the dielectric constant was frequency dependent, and the nearly frequency-independent diffused dielectric maximum peak at 331°C. These results were consistent with previous studies. 42, 43 The hump could be related to a phase transition from a ferroelectric rhombohedral phase to an antiferroelectric modulated phase, and the diffused peak could be related to an antiferroelectric orthorhombic phase to a paraelectric tetragonal phase. 44, 45 Note that there is one more dielectric anomaly reported at 520-540°C, which was not measured in this study and was associated with the tetragonal to cubic phase transition. 46 The frequency dependence of the dielectric constant measured at 100 kHz and 1MHz was disappeared at 264°C. Here, such a temperature was defined at which the frequency dispersion disappeared by comparing dielectric constant measured at 100 kHz and 1 MHz was defined as T FD . This temperature was close to the temperature that the rhombohedral phase disappeared in the modulated phase of the rhombohedral and orthorhombic phases at 280°C. 45 With increasing x, the temperature at which the dielectric constant measured at 1 MHz was maximized, T m , tends to increase from 331 to 404°C at x 5 0-0.4. At x 5 0.5, the T m value could not be determined due to increased conduction. On the other hand, T FD was not strongly altered. The T FD and T m values are summarized in Table II . It was found that the T m value of this study was lower than that of previous study, which might be in part associated with the smaller rhombohedral distortion (90°À a). Figure 6 shows the P-E loops measured at 0.1, 1, and 100 Hz for the (1 À x) (Bi 1/2 Na 1/2 )TiO 3 -xBiFeO 3 (x 5 0-0.8) ceramics. At x 5 0, ferroelectric hysteresis loops with the remanent polarization ;30 lC/cm 2 were observed at 0.1 and 1 Hz. The remanent polarization measured at 1 and 100 Hz was lower than that at 0.1 Hz. This was because an electric field which was large enough to saturate the polarization could not be applied to the sample. With increasing frequency, the coercive field increased due to a slow response of domains to the electric field. 47 At x 5 0.05-0.4, well-developed hysteresis loops with the remanent polarization of 30-35 lC/cm 2 were observed. Note that these values were much larger than those of previously reported P-E loops which were not fully saturated. 33, 36 On the other hand, the coercive field was lowered compared to that at x 5 0. This was attributed to the reduction of the rhombohedral distortion (90°À a) which facilitated domain wall motion. At x 5 0.5-0.8, the polarization and the opening of the ferroelectric P-E loops decreased with x, especially at x 5 0.8. This reduction was attributed to the increased content of BiFeO 3 which was a hard ferroelectric material due to strongly pinned domain walls. 17 Note that the P-E loops measured at 0.1 and/or 1 Hz were not shown at x 5 0.2-0.8 because the loops appeared leaky or the samples were electrically broken down. The remanent polarization and coercive field are summarized in Fig. 7 .
The bipolar and unipolar S-E curves measured at 0.1 Hz for the (1 À x) (Bi 1/2 Na 1/2 ) TiO 3 -xBiFeO 3 ceramics with x 5 0-0.5 are shown in Figs. 8 and 9 , respectively. Typical butterfly curves were observed for the bipolar measurements. At x 5 0-0.2, the induced unipolar strain was 0.12-0.16% for the applied electric field of 80-100 kV/cm, and it was maximized at x 5 0.05 with the d 33 * value (5 maximum strain/applied electric field) of 182 pm/V. At x 5 0.3-0.5, the strain was decreased with x, due to the hardening. In this study, it was found that the well-developed P-E loops could be obtained at x 5 0-0.6, and the decrease in the rhombohedral distortion at x 5 0.05-0.1 was coincident with the increased in the dielectric and piezoelectric properties while keeping T FD and T m high. These findings could be useful in development of high performance lead-free piezoelectric materials.
IV. CONCLUSIONS
The dense (1 À x) (Bi 1/2 Na 1/2 )TiO 3 -xBiFeO 3 ceramics with the single perovskite phase were prepared by the solid-state synthesis. The crystal system of the ceramics was rhombohedral with the R3c symmetry. The rhombohedral distortion (90°À a) was minimized at x 5 0.1, while the lattice constant increased linearly with x. T FD was between 256-313°C and T m tended to increase from 331-404°C with x for the samples with x 5 0-0.5, where T FD is the temperature at which the frequency dispersion of the dielectric constant measured at 100 kHz and 1 MHz disappeared and T m is the temperature at which the dielectric constant measured at 1 MHz was maximized. With increasing x, the dielectric constant increased at x 5 0.05, and then decreased. Saturated ferroelectric P-E hysteresis and S-E butterfly responses were observed at x 5 0-0.6 and x 5 0-0.5, respectively. The coercive field was reduced at x 5 0.05-0. 
